The s-process, a production mechanism based on slow-neutron capture during stellar evolution, is the origin of about half the elements heavier than iron. Abundance predictions for s-process nucleosynthesis depend strongly on the relevant neutron-capture and β-decay rates, as well as on the details of the stellar model being considered. Here, we have used a Monte-Carlo approach to evaluate the nuclear uncertainty in s-process nucleosynthesis. We considered the helium burning of massive stars for the weak s-process and low-mass asymptotic-giant-branch stars for the main s-process. Our calculations include a realistic and general prescription for the temperature dependent uncertainty for the reaction cross sections. We find that the adopted uncertainty for (n, γ) rates, tens of per cent on average, effects the production of s-process nuclei along the line of β-stability, and that the uncertainties in β-decay from excited state contributions, has the strongest impact on branching points.
Introduction
Nucleosynthesis of heavy elements beyond the iron-group peak (mass number A ∼ 60) is distinctly different from the production process of lighter elements. Neutron-capture is considered to be the primary production mechanism of heavier nuclei, up to A ∼ 200, facilitated by the neutron having no electric charge, and thus enabling penetration of substantial Coulomb barriers. Two different neutron-capture processes have been proposed [1] , i.e., the s-and r-process that are slow and rapid as compared to β-decay half-lives, respectively. The s-process occurs in stellar environments that feature lower neutron densities, while environments with higher neutron densities allow the faster rate of captures that leads to r-process nucleosynthesis.
The slow timescale of the s-process means that it occurs in stellar burning environments that evole over longer timescale. There are two astronomical sites and corresponding classes of the s-process (see a review [2] and references therein). The main s-process occurs in (i) thermal pulses of low-mass asymptotic-giant-branch (AGB) stars producing heavy nuclei up to Pb and Bi, while the weak s-process takes place in helium-core and carbon-shell burnings of massive stars and involves lighter nuclei up to A ≈ 90. In both cases, the primary mechanism is to produce heavier elements due to the neutron capture and β-decay along stable isotopes from seed Fe nuclei over a long-term stellar evolution period. The neutron source reactions for the s-process are α-capture to different nuclei, where 13 
C(α, n)
16 O and 22 Ne(α, n) 15 Mg are main reactions for the main and weak s-processes, respectively. The impact of these key fusion reactions has been well studied [2] .
A major remaining issue is the effect of the uncertainties of the individual (n,γ) and β-decay rates on the final nucleosynthesis products. As there are many reactions involved in the s-process, the overall uncertainty is not as straightforward as for the cases of neutron source and poison reactions, for which key reactions are already well identified. More systematic studies based on the Monte-Carlo (MC) and statistical analysis techniques [3, 4, 5] are necessary for such problems.
In the present paper, we investigate the impact of uncertainty caused by nuclear-physics on the production of s-process elements, using the MC-based nuclear-reaction network (see, [6, 7] for details). Adopting simplified stellar models that reproduce typical s-process nucleosynthesis patterns, we apply realistic temperaturedependent uncertainty of nuclear reaction and decay rates. We evaluate the uncertainty of nucleosynthesis yields and identify key reactions that have significant impact on the final s-process abundances.
Methods
For the nucleosynthesis calculations, we use simplified 1-D stellar evolution models with solar metallicity. We follow nucleosynthesis evolution along the temporal history of the temperature and density from the initial abundances. The thermal evolution is treated as the time evolution for a "trajectory" as a single fluid component. We adopt 25M massive star evolution model [8, 9] and 2M AGB star model calculated by the MESA code [10] . We have confirmed that these trajectories reproduce a typical abundance pattern for the main and weak s-process, respectively. [11] ; (middle) the upper and lower limits of uncertainty factors; (right) the reaction rate [12] with the upper and lower limits. In each panel, the temperature regions for the s-process (blue) and the γ-process (green) are highlighted.
Many nuclear reaction rates of neutron capture relevant to the s-process have been experimentally measured, because the target nuclei are stable (this is not the case for other heavy-element nucleosynthesis, e.g., the r-process, as reactions on the unstable nuclei play a major role). However, these experimental measurements are unable to measure the relevant (n, γ) reaction rates as realized at the high temperatures of the stellar environment due to contributions of excited states [11, 13] . Therefore, we consider that reaction rates have a temperature-dependent uncertainty due to the relative contributions by the ground state and excited states for experimental based cross sections. Following the prescription in refs. [11, 13] , we apply the uncertainty factor u(T ) for thermonuclear reaction rates as
where X 0 is the temperature dependence factor and u exp and u th are uncertainty ranges for experimental and theoretical contributions, respectively. The value of X 0 (T ) for 83 Kr(n, γ) 84 Kr is shown in Figure 1 (left panel), which decreases as the temperature increases from 1 at lower temperatures (below ∼ 0.01 GK). From Equation 1, therefore, u(T ) ∼ u exp at lower T , while u(T ) reaches u th at higher T .
In this study, experimental uncertainties are used for the ground state contributions to (n,γ) rates, whereas a factor 2 is used for excited state uncertainties (for details, see [13, 6, 5] ). As theoretical calculated rates may have large uncertainty, we simply apply a constant value 2. We apply u(T ) to determine the upper limit and lower limit for the variation of reaction rates by multiplying u(T ) and 1/u(T ), respectively. The middle panel of Figure 1 shows the adopted uncertainty factor, while the right panel shows the uncertainty range for the 83 Kr(n, γ) 84 Kr reaction. A similar approach is used for β-decay rates, based on temperature-dependent partition functions G(T ) to determine the importance of excited states, i.e., the uncertainty factor of β-decay rates u weak is defined as
where u exp and u weak th are experimental and theoretical uncertainty factors, respectively. The uncertainty at lower temperatures (T < 10 7 K) corresponds to the measured value at the ground state (u weak exp ), while the uncertainty becomes larger as the temperature increases. We adopt u weak th = 1.3 and u weak th = 10, of which the total uncertainty reaches up to ∼ 2 in stellar burning temperatures.
Results

Uncertainties of the s-process
Our MC performs many nucleosynthesis simulations, each of which has each nuclear reaction rate sampled from an underlying distribution (i.e. applying the variation factor. A uniform random distribution between the upper and lower limit of the reaction rate at a given temperature was used for each variation factor. To identify the separate contributions from uncertainties in (n,γ) and from β-decay rates, we have performed three different cases: ngbt, in which all (n,γ) and β-decay rates are varied; ng where only (n,γ) rates are varied; and bt in which only β-decay rates vary. Figure 2 : The results of the MC for the weak s-process. The uncertainty range is shown for each isotope with red lines covering 90% from the peak value for variation models of ngbt (left), ng (middle) and bt (right). Fig. 2 shows the resulting production uncertainty for the weak s-process for the cases where we varied all (n,γ) reactions and β-decays. We select abundance uncertainties for stable s-process isotopes up to ∼ 90. The colour distribution corresponds to the normalized probability density distribution of the uncertainty in the final abundance.
Conidering the ngbt case, the 90% uncertainty range of abundances for most nuclides is less that a factor of 1.5 (0.176 in log 10 ) region, while some isotopes show a larger uncertainty that reaches factor 2. Comparison of ng and bt cases reveals that this is mostly due to (n,γ) reaction. Uncertainties for a few isotopes ( 80 Se) are affected by β-decay around branching points, although the effects of β-decay to the global isotopes are minor compared with (n,γ). The impacts of β-decay uncertainties on the s-process appear only around s-process branchings. This is seen in the results of bt (in Fig. 2 and 3) , where a few β-decays cause larger uncertainties in nucleosynthesis. Our technique allows one to quantitatively analyze the MC result to identify the correlation between decay rate and final abundance (see, [6] Se for the weak s-process, respectively. These β-decay rates are around the s-process branching points as indicated in previous investigations (in Fig. 2) .
These features are also pronounced for the case of main s-process, as the primaly physical mechanism is the same as in the weak s-process. The overall uncertainty of final abundances, shown in Figure 3 , shows that they mostly caused by uncertainty of (n,γ) reactions except at branching points (see [7] for more details). The impacts of β-decay uncertainties on the s-process appear only around s-process branchings. Based on the MC calculations, we selected reactions & decays that had a significant impact on the final abundance uncertainties. As shown in Fig. 4 [6] . Fig. 4(b) presents the distribution of uncertainty factors and obtained abundances. This confirms the basic features of r cor that a positive r cor results in a positive correlation of the two parameters, and vice versa, and that a larger |r cor | results in a stronger correlation.
We calculated correlation factors for the all possible combinations of varied reaction rate and s-process products. As the full lists of these key rates are summarized in our papers [6, 7] , here, we only highlight "Level 1" key rates with highest priorities for the weak and main s-processes. In Table 1 and 2, we list key (n, γ) reactions, of which |r cor | >= 0.65, for the weak s-process and main s-process, respectively. Here, only the target nucleus is listed for (n, γ) reactions, e.g. the (n, γ)-target nucleus "
67 Zn" indicates 67 Zn(n, γ) 68 Zn. We note that there are a few cases that the key nucleus is not the target-nucleus of the key (n, γ) reaction. This is due to the propagation of large uncertainties from "upstream" to "downstream" through the s-process nucleosynthesis flow. Besides the reactions listed in the tables, there are still some reactions that show the non-negligible value of r cor . These will become important reactions if the relevant first-priority reactions become well determined (e.g. through future experimental work). Refs [6, 7] provide further details. Table 1 : The key neutron-capture reactions for the weak s-process. Key (n, γ) reactions are listed with their correlation factors r cor,0 for each key "product" nucleus. Only the target nucleus for the involving neutron capture is shown in the column of "(n, γ)-target". Table 2 : Key neutron-capture reactions for the main s-process. The columns are the same as Table 1 .
